Human onchocerciasis, caused by infection by the filarial nematode Onchocerca volvulus, is a major neglected public health problem that affects millions of people in the endemic regions of sub-Saharan Africa and Latin America. Onchocerciasis is known to be associated with skin and eye disease and more recently, neurological features have been recognized as a major manifestation. Especially the latter poses a severe burden on affected individuals and their families.
A C C E P T E D M
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INTRODUCTION
Onchocerciasis (river blindness) is a leading neglected tropical disease that affects millions of people in Africa, Latin America and Asia and causes morbidity, disability, low productivity and poverty in endemic areas (1) . This disease is caused by the filarial nematode Onchocerca volvulus, which is transmitted by female blackflies of the genus Simulium (2) .
A C C E P T E D M A N U S C R I P T
Female blackflies inject infective L3-stage larvae into a human during a blood meal. In the human host, the worms reach maturity after 1-3 years and adult worms (macrofilariae) reside in nodules under the skin where the female worm can live for up to 15 years. During this period they are capable of producing millions of motile microfilariae which migrate under the skin of infected persons until they are ingested by another female blackfly during a blood meal (3) . In the blackfly, microfilariae migrate to the thoracic muscles of the fly where they develop into the third stage larvae (L3), which move to the head and mouth part of the fly in 6-12 days and are transferred to another human host during the next blood meal.
Over 90% of infections occur in sub Saharan Africa. In infected persons, the main clinical features are skin lesions, including pruritic dermatitis and nodules. Many patients suffer visual impairment (river blindness) and more recently, the disease has been associated with epilepsy -Onchocerciasis Associated Epilepsy (OAE) and nodding syndrome. In this paper, we describe the epidemiology and provide an overview of the main clinical features and the neurological manifestations of onchocerciasis. We also explore possible pathogenic mechanisms in the development of brain disease and propose potential treatment strategies.
EPIDEMIOLOGY

Burden and distribution
Approximately 37 million people in tropical Africa and 140,000 in Latin America are infected with O. volvulus (2, 4) . Although the disease is endemic in Central-and South America and Yemen, 99% of the infections occur in sub Saharan Africa, where a favorable ecology for the blackfly prevails, figure 1. Onchocerciasis transmission and disease burden are determined by the
presence of the blackflies, with the highest infection loads as well as blindness and epilepsy prevalence close to blackfly breeding sites in fast flowing rivers (2, 5) . Furthermore, several Simulium species exist, each with specific ecological preferences and flying distance from the breeding site, which should be taken into account when estimating the disease burden and implementing control strategies (5).
Most infected patients suffer from variable skin lesions and approximately one million individuals suffer from visual impairment, with at least 340,000 cases of blindness attributable to the disease.
More than 46,000 lose their vision every year as a result of onchocerciasis (6) . Both river blindness and OAE can be prevented by community distribution of ivermectin (CDTI), which kills the microfilaria, in combination with vector control. It has been estimated that approximately 400 000 cases of epilepsy in Africa could be prevented by appropriate onchocerciasis control (7, 8) .
Clinical features and pathology of onchocerciasis
Onchocerciasis is responsible for disabilities, significant morbidity, psychosocial problems and reduced ability to work and agricultural productivity in the affected populations. During infection, the adult worms release millions of microfilariae, which migrate into different parts of the body through the lymphatic system, especially the connective tissue in the dermis, to the eye, and potentially to the brain. When these microfilariae die, they elicit an inflammatory process, which is the key feature of the clinical manifestation of onchocerciasis (3, 7).
a) Skin Manifestations
The adult worms reside under the skin for several years, encapsulated by host tissue, forming nodules located around muscles, especially on bony prominences, the onchocercoma (9). These onchocercomas are formed by continuous stimulation of an inflammatory response by foreign proteins, including proteins derived from the endosymbiotic bacterium, Wolbachia (10).
Onchodermatitis is another skin manifestation of onchocerciasis which usually starts with itchy skin rash referred to as acute papular onchodermatitis, and is caused by an immune response against dying microfilariae. The rash may be intermittent with small, sparse papular lesions or closely packed papules of about 1 mm radius (11). If left untreated, the infection progresses into a chronic papular onchodermatitis which is described as pruritic, hyper pigmented, flat-topped papulomacular rash of about 3 mm which may or may not be associated with excoriation.
Incomplete pigment loss combined with islands of normal skin pigmentation is also known as leopard skin and usually occurs in the lower limbs. Lichenified onchodermatitis will occur in the chronic phase and is associated with the formation of raised, discrete, pruritic hyperpigmented papular nodules. The nodules or onchocercomas are usually found around bony prominences, especially of the iliac crest, ischial tuberosity, elbows and scapula. In some areas, a more severe form of this phase has been described (Sowda), which is associated with skin hyperpigmentation, pruritic swollen limbs (usually unilateral) surrounded by enlarged lymph nodes (12) .
During chronic onchocerciasis, atrophy of the skin, with wrinkled dry skin, is also reported due to recurrent inflammation, which leads to thinning and loss of elasticity of the skin (cigarette skin).
A hanging groin usually occurs in older individuals due to lymphatic obstruction in the groin area combined with cigarette skin and is a key feature of onchocerciasis (9) .
) Eye manifestations (River blindness)
Eye manifestations of onchocerciasis present as progressive visual impairment with increasing age and is causes by microfilariae migrating to the cornea and posterior regions of the eye, where they elicit an immune response when they die (10, 13, 14) . This immune response is induced by surface proteins of the endosymbiontic bacteria Wolbachia, which are released by the degenerating microfilariae, thereby recruiting neutrophils and stimulating a pro-inflammatory response (13) .
Neutrophils release nitric oxide, oxygen free radicals and matrix metalloproteinases, which are cytotoxic to resident corneal cells (13) . Repeated inflammation over time leads to chronic keratitis and sclerosis and is associated with progressive loss of corneal clarity and peripheral vision (15) .
Chorioretinal changes including intra retinal pigment changes, retinal pigment epithelium atrophy, sub retinal fibrosis, optic neuropathy, retinitis and white intra retinal deposits were reported in a study as commonly occurring features of onchocerciasis (14) . Advanced and repetitive inflammation may result in corneal fibrosis and or opacification that progresses to blindness.
Choroioretinal lesions commonly occur around the optic disc and outer portions of the macula.
While blindness is the most damning feature, bilateral blindness is relatively rare with some studies reporting as low as 0.4% of the affected population. The eye manifestations of onchocerciasis may be complicated with secondary glaucoma of the anterior and posterior segment lesions and optic atrophy (14) .
c) Neurological and psychiatric manifestations of onchocerciasis
Onchocerciasis has been linked to several neurological and psychiatric syndromes, including but not limited to the Nakalanga syndrome, nodding syndrome and epilepsy.
The Nakalanga syndrome was first described in Uganda in 1962 in an area highly endemic for onchocerciasis (16) . This syndrome is characterized by dwarfism and mainly affects children aged 3-10 years that were previously developing normally. Patients present with severe growth retardation, delayed sexual development, mental retardation, facial deformation including a small mandible, protruding teeth, kyphoscoliosis and often but not always, generalized epileptic seizures (17) . In the areas around Mabira forest, Uganda, new cases ceased with the implementation of onchocerciasis control (5).
Several studies in O. volvulus endemic areas have also linked this parasitic infection with the high population prevalence of epilepsy in these areas (18) . This epilepsy is mostly characterized by generalized tonic-clonic convulsions and has also been associated with impaired cognitive function, dysmorphic features, arrested puberty or delayed growth and malnutrition as in Nakalanga syndrome.
While currently no concrete experimental evidence exists to prove that onchocerciasis causes epilepsy, there is a very strong epidemiological association between the high incidence and prevalence of epilepsy in endemic areas and the population burden of onchocerciasis. In western Uganda, for example, the incidence of epilepsy increased from 156 cases per 100,000/year in areas with lower O. volvulus endemicity to 231 cases per 100,000/year in areas with higher endemicity (19) . In a meta-analysis of African population-based surveys, the prevalence of epilepsy increased, on average, by 0.4% for every 10% increase in onchocerciasis prevalence (20, 21) . The main difference between OAE and other forms of epilepsy is the age of onset: between the ages of 3-18 years old, with a mean age around 8-14 years old and the fact that the epilepsy occurs mostly in (29) . Furthermore, the serum of patients that where positive for LM-1 antibodies was also shown to be neurotoxic. However, not all patients with nodding syndrome in this study tested positive for LM-1 antibodies, suggesting that this may not the only mechanism involved. On the other hand, the disease progression of onchocerciasis associated epilepsy also shows remarkable similarity to other autoimmune epilepsy disorders, such as limbic encephalitis, which are also characterized by seizures, psychiatric and behavioral changes and progressive encephalopathy (31) . However, auto-antibodies commonly involved in autoimmune limbic encephalitis, such as anti-NMDA or anti-VGKC receptor antibodies are not universally A C C E P T E D M A N U S C R I P T positive in nodding syndrome, although anti-VGKC receptor antibodies were found in some cases and more research is necessary (32, 33) .
O. volvulus contains the endosymbiont bacterium Wolbachia, which is needed for the survival and fertility of the worm and are known to modulate the host immune system (10) . Wolbachia surface antigens are recognized by the immune system and stimulate a Th1-mediated immune response and mediate an inflammatory response in the cornea and may be associated with the visual decline (10) . These antigens are released once microfilariae start dying and have been shown to induce keratitis in mice (34) . It is unknown whether these bacteria may be involved in disease pathogenesis.
If at all they do, microfilariae could enter the central nervous system by two potential points of entry: the optical system or the bloodstream. Since microfilariae were found in the anterior and posterior sections of the eye, they may have access to the brain along the optic nerves and inflammation in the eye might contribute to brain disease (35). On the other hand, since microfilariae are also present in the lymphatic system and even in the bloodstream of heavily infected individuals, they might cross the blood brain barrier when circulating in the subarachnoid space (36) . Control and the National Institutes of Health. In this study, polarizable, crystal-like structures that dissolved when the brains were stored in 70% ethanol were also observed (38) . However, these changes have not been seen in an ongoing post mortem study (39) .
When epilepsy remains untreated, repeated seizures lead to cumulative brain injury, cognitive decline and worsening of the seizures, creating a vicious circle. It is possible that in addition to the primary pathological processes, some of the brain injury seen in OAE may be a consequence of uncontrolled seizures.
Treatment recommendations
Currently, the main treatment for onchocerciasis is ivermectin (Mectizan®). Ivermectin is a highly lipophilic 16-membered macrocyclic lactone from Streptomyces avermitilis. It paralyses and kills the microfilariae, relieving the intense itching of the skin and halting the progression towards blindness (40) . A single-dose of ivermectin effectively kills microfilariae by blocking postsynaptic, glutamate-gated chloride ion channels, and paralyzing the nematode. It also appears to enhance immune responses against O. volvulus in the treated host (41) . A 15-month study showed that ivermectin is more effective at preventing further reactive onchocerca skin lesions than at clearing existing lesions. Effective ivermectin treatment apparently requires a robust immune response (41) . Administration of single doses of 150µg/kg every 3 months is recommended based on evidence of decreased rates of post treatment reactions (e.g., edema, pruritis, and backache) over time, compared with yearly dosing (42) .
Ivermectin has not been shown to kill the adult worm but reduces the fertility of the females by paralyzing the microfilariae in utero, thereby reducing the production of new microfilariae. This effect is, however temporary and skin repopulation with microfilariae is resumed after 3-4 months (43) . Therefore, ivermectin controls but does not cure onchocerciasis and there is need for repeated treatment multiple times a year. Presently, the only approved medication with a significant effect against the adult worms is suramin, but toxicity, inconvenience (twice-daily injections administered for several weeks), and availability only through the US Centers for Disease Control virtually limits its clinical utility for treatment of onchocerciasis in Africa (41) . A promising new drug, moxidectin, has been shown to have significant macrofilaridical activity in animal studies and is safe for use in humans as demonstrated in phase II trials (44) .
Another treatment strategy with doxycycline, targets the endosymbiotic Wolbachia bacteria of O.
volvulus and has been shown to significantly reduce the lifespan of the adult worm. In 2000, a landmark study first showed that doxycycline cleared Wolbachia from the endodermis and uteri of adult female worms, leading to unusually extensive worm sterility not seen with other antifilarial treatments. In a placebo-controlled trial, treatment with doxycycline 100 mg per day for 6 weeks, followed by a single dose 150µg/kg of ivermectin resulted in up to 19 months of amicrofilaridermia, as well as 100% elimination of Wolbachia species from worms that were isolated and tested immune-histologically (41, 45) . The authors suggested that infected patients who permanently leave endemic areas should be offered, in addition to ivermectin, a 4-6-week course of doxycycline (100-200 mg per day) to achieve long-term amicrofilaridermia. Hoerauf et al. recommend the concurrent administration of ivermectin with doxycycline therapy, as well as
administration of another ivermectin dose 6-8 months later to eradicate microfilariae too immature to be sensitive to the initial treatment. However, caution should accompany the concurrent use of ivermectin and doxycycline, because these agents have not been formally studied for drug interactions (41) .
Currently, a phase II placebo controlled trial is testing if doxycycline may be used for the treatment of nodding syndrome in Uganda. The trial that started in 2016 is recruiting 230 participants and randomizing these to either doxycycline 100mg daily for 6 weeks or placebo. Participants will be followed up for 24 months. Study results are expected at the end of 2019 (46) .
Vector control to eliminate onchocerciasis
Prevention of onchocerciasis is the most cost effective and efficient measure to reduce the burden of the public health problem. Vector control is one of the most effective strategies for the elimination of onchocerciasis (2) . This strategy works by blocking the transmission chaindestroying the vector at its most vulnerable stage, the larval stage (47). It was implemented in six Kenyan foci in 1946 (48) using DDT to eliminate the local vector Simulium neavei. Follow-up studies conducted in 1964 confirmed that the parasite had been eliminated from these foci (49) .
Overall, the control operations were very effective and protected a population of approximately 225,000 people living in an area of 4,144 km2 (48) . During the same period, an attempt to control onchocerciasis in the Victoria Nile focus was also underway in Uganda. This control effort that biannual treatment with ivermectin. Aerial spraying has also been applied (55) . These data and other studies have proven that vector control in combination with ivermectin mass drug administration is a powerful strategy to eliminate onchocerciasis (56) . Similar success has been reported in Bioko islands, which is part of the Republic of Equatorial Guinea and is the only island in the World to have endemic onchocerciasis (57) . These achievements have stimulated the A C C E P T E D M A N U S C R I P T adoption of vector control as additional strategy to accelerate onchocerciasis elimination in several countries. With more efficient application, hundreds of thousands of incident cases of onchocerca associated neurological disease in Africa will be prevented.
Conclusions and future perspectives
We are still in early days in understanding onchocerca associated brain disease. An OAE alliance was recently established following the first international workshop on OAE in October 2017 in Antwerp (38) . This consortium aims to combine the efforts of many experts in a wide variety of disciplines to take the OAE research to the next level and to eliminate onchocerciasis. There is a current need to estimate the burden of OAE in many countries to provide additional arguments to strengthen international onchocerciasis elimination programs. Furthermore, understanding the pathogenesis of OAE will help to develop better prevention and treatment strategies, such as immunotherapy in combination with appropriate antiepileptic treatment. In addition, providing a clear explanation how this epilepsy is caused will help to reduce the stigma and misperceptions that are associated with epilepsy in many remote villages, like that the person suffering from epilepsy is cursed or that it is contagious. Moreover, people with epilepsy require specialized care and current health systems should be improved to reach those in the most remote areas, where most OAE cases exist.
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